Since the late 1990s, surface temperature has been higher than (near or lower than) normal for summer/autumn (winter/spring) over Japan, indicating that the seasonal temperature contrast has become enhanced. In order to relate this to global-scale variability on decadal timescale, atmospheric re-analysis and ocean assimilation datasets were analyzed. It is suggested that the La Niña-like conditions which have been frequently observed in the tropical Pacific oceanic and atmospheric fields in the last decade have contributed to these temperature tendencies observed in Japan. These global characteristics are consistent with the global warming hiatus. The results presented here indicate that not only interannual variability and century-scale long-term trends but also decadal variability in global oceanic and atmospheric fields significantly affect Japan's temperature.
Introduction
The roles of decadal to multi-decadal climate variability such as Pacific Decadal Oscillation (PDO, Mantua et al. 1997 ) and Inter-decadal Pacific Oscillation (IPO, Zhang et al. 1997; Power et al. 1999 ) have been highlighted in recent years in the context of global warming hiatus -a slowdown of the global surface temperature rise since the late 1990s (Easterling and Wehner 2009) . Recent studies (Meehl et al. 2011 (Meehl et al. , 2013 Kosaka and Xie 2013) have suggested that the hiatus occurs under conditions analogous to those of La Niña events in tropical areas and has relevance to large-scale decadal variability such as IPO. It has also been suggested that decadal variability in the mid-latitude Pacific has effects that show a partially similar tendency to those of El Niño-Southern Oscillation (ENSO) on the global climate (Mantua and Hare 2002) and modulate the variability of the climate in relation to ENSO (Gershunov and Barnett 1998; Wu and Wang 2002; Wang et al. 2008) .
Meanwhile, monthly temperatures in Japan in recent decades have tended to be higher than normal for summer and autumn, and near or lower than normal for winter and spring. These anomalies somewhat match conditions related to La Niña events (Maeda 2014) . Based on these interannual variability impacts of the equatorial Pacific and/or global circulation fields on Japan's climate, we hypothesize that the effects are detectable also on a decadal time scale and that the conditions observed in recent decades are linked. Therefore, the characteristics of Japan's temperature and global circulation fields in recent decades are presented using observations, atmospheric re-analysis and ocean assimilation datasets, followed by discussion on the relationship between them.
Data
Atmospheric circulation data from the JRA-55 reanalysis dataset 1 are used in order to investigate the characteristics of global circulation such as the Walker circulation. Global sea surface temperature (SST) and subsurface temperature distributions are obtained from objective analysis (COBE-SST; Ishii et al. 2005) and ocean data assimilation (MOVE-G; Usui et al. 2006 ) operated in Japan Meteorological Agency (JMA). It should be noted that the homogeneity of MOVE-G data is not necessarily guaranteed because of observation changes for assimilation such as the introduction of satellites. Data from JMA in-situ observations of surface air temperature at 15 sites 2 where temperature records are least affected by local urbanization are employed as an indicator of interannual to longer-term variability in Japan's average temperature.
Climatological normal values are defined as the averages for the period from 1981 to 2010. Unless otherwise noted, "anomaly" means the deviation from normal values.
Japan's temperature
A time series of Japan's temperature is shown in Fig. 1 . In the last decade, a cooling tendency has appeared for winter and spring (December-May; hereafter DJFMAM), and the warming tendency has become more pronounced for summer and autumn (JuneNovember; hereafter JJASON) (Fig. 1) . The cooling tendency is consistent with the result of previous studies that shows cooling trend in the Northern Hemisphere extratropics (Cohen et al. 2012) and increasing cold winters in East Asia (Wang and Chen 2014) in recent decades. Monthly temperature anomalies in Japan for the period from 1999 to 2012 are lower in DJFMAM than in JJASON (Fig. 2a) . According to the Wilcoxon rank sum test (Wilcoxon 1945) , temperature anomalies are significantly lower in DJFMAM than in JJASON with a confidence level of more than 99%, indicating that the seasonal temperature contrast in Japan has become significantly enhanced in the last decade. The correlation coefficients between monthly temperature anomalies in Japan and the
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Yusuke Urabe and Shuhei Maeda Climate Prediction Division, Japan Meteorological Agency, Tokyo, Japan ern part at 200 hPa ( Fig. 3b) , and an opposite anomaly pattern is observed at 850 hPa (figure not shown) for the same period. These patterns indicate enhancement of the Walker circulation (England et al. 2014 ) and convection around the Maritime Continent, consistent with La Niña-like SST anomalies shown in Fig. 3a .
Geopotential height anomalies at 200 hPa (Z200) averaged for winter-spring and summer-autumn for the same period are shown in Figs. 4a, b. In winter-spring, negative anomalies are observed from eastern Eurasia to the northern part of Japan. The negative anomalies correspond to enhanced Far-Eastern trough (Takaya and Nakamura 2013) which causes stronger East Asian winter monsoon and colder winter in Japan. In summer-autumn, by contrast, positive anomalies are observed around Japan. The positive anomalies correspond to northward shift of the Asian Jet and consistent with higher temperature in Japan. Therefore, these circulation patterns are consistent with observed Japan's temperature conditions shown in Fig. 2a : temperature anomalies are lower in winter-spring than in summer-autumn. Figures 4c, d shows patterns of Z200 anomalies regressed on the velocity potential anomaly averaged over the western equatorial Pacific (red rectangle in Fig. 3b ) for the period from 1959 to 2013. The patterns shown in Figs. 4a, b and 4c, d, especially for winter-spring, are quite similar in many parts including the area near Japan, indicating that the distribution of Z200 anomalies shown in Figs. 4a, b is likely related to the enhanced convection around the western equatorial Pacific. Focusing on circulation anomaly patterns near Japan, in winter-spring, Rossby wave-like patterns which are likely forced by enhanced convective activity around the western equatorial Pacific (Jin and Hoskins 1995) are found in both Figs. 4a, c. In summer-autumn, zonally elongated negative anomaly in the tropics and positive anomaly in the mid-latitudes, which are often observed in La Niña events (Robinson 2002) , are found in NINO.3 index 3 (Fig. 2b) show a close relationship with the data displayed in Fig. 2a , and indicate that the recent conditions are similar to those observed during La Niña. Correlation coefficient for DJFMAM mean is 0.156 and for JJASON mean is −0.243, and the difference between them is statistically significant at 95% confidence level in Student's t-test. This analysis suggests that SST conditions in the tropical Pacific region have influenced the recent seasonal characteristics of temperature in Japan.
Global SST and tropical atmospheric circulation
Global distribution of SST anomalies averaged over the period from 1999 to 2012 is shown in Fig. 3a . In the tropical Pacific region, positive anomalies in the western part and negative anomalies from central to eastern parts are clearly observed. Although the negative anomalies observed in central and eastern parts are not statistically significant, the zonal contrast of SST anomalies is likely a superposition of La Niña-like conditions and the global warming. In addition, the SST anomaly pattern seen in the North Pacific exhibits the negative phase of PDO, and a symmetrical pattern about the equator is observed in the South Pacific. Unlike Japan's temperature shown in Section 3, the global distribution of SST anomalies shows little seasonal dependency (figure not shown).
There are negative velocity potential anomalies around the western part of the Pacific and positive anomalies around the east- The above results suggest that the anomalous global circulation and temperature conditions observed in Japan since the late 1990s are related to La Niña-like conditions on a decadal time scale: strengthened Walker circulation, enhanced convective activity around the western equatorial Pacific, and increased zonal gradient in the equatorial Pacific SST.
Subsurface temperature anomalies and time series
Not only sea surface, but subsurface region of the ocean also plays an important role in the climate system in decadal timescale, and ocean heat content may provide further information about recent conditions. Figure 5a shows vertically averaged temperature (VAT) anomalies averaged from 1999 to 2012 calculated from MOVE-G data. VAT is defined as the temperature averaged from the sea surface to a depth of 300 m and is roughly proportional to the ocean heat content. In the tropical Pacific, positive anomalies are observed in the western part and negative anomalies are observed in the eastern part. Although this VAT anomaly pattern is generally similar to the SST anomaly pattern shown in Fig. 3a , its peaks appear to the north and south of the equatorial region. VAT anomalies based on the objective analysis dataset produced by Ishii and Kimoto (2009; referred to here as IK09) generally resemble those based on MOVE-G (figure not shown). Each region is marked with blue rectangles in Fig. 5a and corresponds approximately to the area in which strong positive VAT anomalies are observed.
VAT anomalies averaged for the areas around the peak positive anomalies in both hemispheres (blue rectangles in Fig. 5a ) indicate remarkable upward trends in the last decade (Figs. 5b, c) . The remarkable increase of VAT is consistent with the rapid sea level rise in the western tropical Pacific and suggested to be caused by the high SST in the Indian Ocean in association with the La Niña-like conditions in the Pacific (Han et al. 2014) . Although some discrepancies between MOVE-G and IK09 are observed before 1980, both datasets show a similar variability in the last decade. Furthermore, the amplitude of recent decadal -multidecadal variability is nearly equal to the amplitude of interannual variability in association with ENSO, the latter of which is relatively weak after the 1997/98 El Niño event. More quantitatively, the VAT anomalies averaged for the last 10 years (from 2003 to 2012) are 0.65K (10°N−15°N, 120°E−180°E ) and 0.53K (10°S− 15°S, 140°E−180°E), which are comparable to or larger than the standard deviation of VAT anomalies for the period from 1971 to 2000 which are 0.63K and 0.43K, respectively. Accordingly, there appears to be enhancement of the recent decadal-scale anomalies described in Section 4, and their impact has become comparable to that of interannual variability.
Summary
In this study, recent Japan's temperature and atmospheric circulation were investigated with focus on the period after 1999 when the PDO phase has shifted, as well as the global warming hiatus has begun. According to in-situ observations, monthly averaged temperatures in Japan have been higher than (near or lower than) normal for summer to autumn (winter to spring), indicating that seasonal variability of temperature has enhanced in the last decade. At the same time, La Niña-like conditions are identified in global ocean data assimilation and atmospheric re-analysis. For example, positive (negative) SST anomalies are observed in the western (central to eastern) part of the tropical Pacific Ocean and divergence (convergence) in the upper troposphere is enhanced around the Maritime Continent and the Philippine Sea (the central and eastern tropical Pacific), the latter of which is consistent with the enhancement of the Walker circulation. On a global scale, atmospheric circulation anomalies are associated with the convective activity pattern observed in the tropical region. Therefore, the enhanced seasonal variability of Japan's temperature is considered to be associated with the La Niña-like conditions and the large scale teleconnection. The increased zonal gradient in the tropical Pacific is also observed in subsurface temperature. Furthermore, the positive anomalies observed around 10°N and 10°S in the western part have continued to grow in recent decades and the amplitude of decadal-scale variability is comparable to that of interannual variability.
These results indicate that the impacts of decadal variability are important for understanding Japan's climate, and that significant factors contribute to the climate other than those associated with interannual variability. In addition, there is also a possibility that other factors have some roles. For example, Arctic sea ice reduction is suggested to contribute to the recent temperature change in mid-latitudes including Japan (Cohen et al. 2014 and references therein) . Further progresses in understanding of decadal variability are required to improve operational diagnostics and seasonal forecasting.
